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Abstract 


Group IIa metal (viz. Al, Ga, In and Tl) oxide-supported gold nanoparticles, prepared by deposition—precipitation (DP) using NaOH and 
by homogeneous deposition—precipitation (HDP) using urea, were employed as highly active/selective and reusable catalysts for the 
epoxidation of styrene (at 82 °C) by anhydrous t-butyl hydroperoxide (TBHP). The loading and average particle size of gold, when it was 
deposited on the Gr. IIa metal oxides by the HDP, was found to increase in the following order: Al,O3 (6.36 wt.%, 4.1 + 2.3 nm) < Ga203 
(6.43 wt.%, 6.67 + 3.7 nm) < In,O3 (6.81 wt.%, 15.6 + 6.3 nm) < T1,03 (8.00 wt.%, 24.4 + 13.1 nm). Both the activity and the epoxide 
selectivity of the supported gold catalysts are in the following order: Au/Al,03 < Au/Ga,03 < Au/In,O3 < Au/T1,03. Using the DP method, 
the Au loading on Al,O3 and T1,03 was found to be 2.10 and 5.42 wt.%, respectively, such values are much lower than those achieved by the 
HDP method. The Al,03, GazO3 and InO3 supports alone showed little or no epoxidation activity/selectivity. However, the Tl,03 support 
alone showed the activity and epoxide selectivity comparable to that of the Au/T1,03 catalysts. The surface species on the Au/Al,03 were 
found to be only metallic gold (Au°) ones and Al in single oxidation state (AL**). However, the surface species on the Au/In2O3 were both the 
metallic and ionic gold (Au? and Au**) and the indium in two oxidation states (In**and In?* or In'*). The gold loading and both the 
epoxidation activity and selectivity are increased with increasing the basicity and/or reduction potential of the support used in the supported 


Au catalysts. 
© 2004 Elsevier B.V. All rights reserved. 
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1. Introduction 


Styrene oxide is an important organic intermediate in the 
synthesis of fine chemicals and pharmaceuticals. It is 
traditionally produced by epoxidation of styrene using 
stoichiometric amounts of peracids as an oxidising agent [1]. 
However, peracids are very expensive, hazardous to handle, 
non-selective for the epoxide formation and also lead to 
formation of undesirable products, creating a lot of waste. In 
order to overcome these limitations, a few studies have been 
reported on the epoxidation of styrene over environ-friendly 
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solid catalysts viz. Ti/SiO, [2-4], TS-1 [4-7], Ti-MCM-41 
[7], Fe or V/SiO, [4], TBS-2, TS-2 [8] and y-Al,03 [9] 
catalysts, using TBHP [2], H2O, [3-5,7—-9] or urea—H20, 
adduct [6], as an oxidizing agent. With H2O, as an oxidizing 
agent, although the styrene conversion was very high, the 
selectivity for styrene oxide was very poor. On the other 
hand, with TBHP [2] and urea—H,O, adduct [6] as oxidizing 
agents, high styrene oxide selectivity (>80%) was observed, 
but only at a low styrene conversion (9.8 and 17.7%, 
respectively). It is, therefore, important to develop a novel 
reusable solid catalyst, to achieve high styrene conversion 
particularly at high styrene oxide selectivity in the epoxi- 
dation of styrene. 

Epoxidation of terminal olefin, such as styrene, is 
relatively difficult and hence requires prolonged reaction 
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times [10]. Recently, growing attention is paid to the direct 
gas phase oxidation of propylene to propylene oxide by 
mixed H, and O; over Au supported on TiO>, TiO2/SiO, and 
Ti-containing zeolites [11-13]. Therefore, it is an interesting 
to explore the possibility of using supported gold catalysts 
also for the liquid phase selective epoxidation of styrene to 
styrene oxide. The present work was undertaken with the 
objective of investigating the styrene epoxidation reaction 
using gold deposited on Gr. IIa metal oxide (viz. y-Al,03, 
Ga203, In203 and T1203) supports as a catalyst. To the best 
of our knowledge, no work on Au supported on Ga,03, 
In03 or T1,03 has been reported so far. Gold was deposited 
on the supports by a homogeneous deposition—precipitation 
(using urea) method and also in a few cases by a deposition— 
precipitation (using sodium hydroxide) method. An anhy- 
drous f-butyl hydroperoxide (TBHP) was used as an 
oxidising agent in the epoxidation of styrene, without using 
any solvent. 


2. Experimental 
2.1. Catalyst preparation and characterization 


The y-Al,03 was obtained by calcining bohemite (y- 
AIOOH) at 500 °C for 4 h in air. Ga.O3 (Aldrich) and In,03 
(Aldrich) were used as received. Tl,03 was obtained by 
hydrolysing thallus acetate (Aldrich) in aqueous ammonia 
(30%), washing the resulting metal hydroxide, filtering it 
and then calcining it at 500 °C for 4h in air. The crystal 
phases of the metal oxide supports were confirmed by 
XRD. Gold was deposited on the Al,03, Ga2O3, In2O3 and 
Tl,0O3 by homogeneous deposition—precipitation (HDP) 
method, using urea as the precursor for precipitating agent 
(ammonium hydroxide) [14-16] and on the Al,O03 and T1,03 
supports by deposition—precipitation (DP) method, using 
NaOH [17], as follows. 


2.1.1. Deposition of gold by DP method 

The Au/Al,03 (DP) and Au/T1,03 (DP) catalysts were 
prepared by contacting the respective support under stirring 
with aqueous NaOH solution containing HAuCl,-3H,0 
(Thomas Baker Chem. Ltd., Mumbai, India) at a pH of 7.0 
and 70 °C for 1 h, aging the mixture at 30 °C for 1 h, filtering 
and thoroughly washing the solid with deionized water, 
drying and calcining the dried solid in air at 400 °C for 2h 
[17]. 


2.1.2. Deposition of gold by (HDP) method 

The Au/Al,O,; (HDP), Au/Ga,03 (HDP), Au/In,0; 
(HDP) and Au/Tl,03; (HDP) catalysts were prepared by 
the HDP method described elsewhere [16]. In a typical 
procedure, the metal oxide support (2.0 g) was contacted 
under stirring with aqueous urea (5.19 g) solution containing 
HAuCl,:3H20 (0.32 g). The temperature of the reaction 
mixture was gradually increased up to 95°C and was 


maintained for 6h. Thereafter, the mixture was aged at 
30 °C for 12h and then the solid was filtered, thoroughly 
washed with deionised water, dried at 90 °C for 12h and 
finally calcined at 400 °C for 2 h. 

The catalysts were characterized for their Au content by 
ICP-OES (using Perkin-Elmer Analyser), for their Au 
particle size by HRTEM (at 200 kV using a JEOL 1200 EX 
using CCD camera) and also for their surface species by 
XPS (using a Fisons VG310F Scanning Auger Nanoprobe). 
The surface areas of the supports and the catalysts were 
measured by the single point N> adsorption method (using a 
surface area analyser, Quanta Chrome, USA). 


2.2. Catalytic activity 


The styrene epoxidation reactions over the supported Au 
catalysts and also over the supports (without gold) were 
carried out at atmospheric pressure by contacting 0.1 g 
catalyst (or support) with 1.2 ml (10 mmol) styrene and 
5.7 ml (15 mmol) anhydrous t-butyl hydroperoxide [TBHP 
(26%) in benzene] in a magnetically stirred glass reactor 
(capacity: 10 cm? ), under reflux (at 82-83 °C) for a period of 
3h. After the reaction mixture was cooled, the catalyst was 
separated from the reaction mixture by filtration. The 
reaction products and unconverted reactants were analysed 
by GC with FID using SE-30 column and N; as a carrier gas. 
The used catalyst was washed with benzene and dried; then 
it was reused for the epoxidation for testing the catalyst 
reusability. 

The conversion, product selectivity and product yield 
were calculated as follows: conversion (%) = [(moles of 
reactant converted) x 100]/[moles of reactant in feed], 
product selectivity (%) = [(moles of product formed) x 
100]/[moles of reactant converted] and product yield (%) = 
(percentage of reactant converted to a particular product) or 
[conversion (%) x product selectivity (%)/100]. 


3. Results and discussion 
3.1. Characterization of the catalysts 


The supports have been characterized for their surface 
area and basicity and the supported gold catalysts for their 
gold loading, gold particle size and morphology, surface 
area and surface species. Results of the support and catalyst 
characterizations are presented in Figs. 1 and 2 and Tables 1 
and 2. The values of the standard reduction potentials for the 
supports are also included in Table |. High gold loading on 
the supports was achieved when the catalysts were prepared 
by the HDP method. The observed gold loading on Al,03 
and T1,03 was much lower, however, when the gold was 
deposited on these supports by the DP method. The fact that 
the gold loading achieved by the HDP method was higher 
than that achieved by the DP method is consistent with that 
observed earlier for Au/TiO, catalysts [16,19]. Both the gold 
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(a) Au/Al,O; (HDP) 


100 nm 


Fig. 1. HRTEM of (a) Au/Al,O3 (HDP) and (b) Au/Ga2O3 (HDP). 


loading and the particle size observed for the different 
supports are in the following order: Al,03 < Ga203 < In,03 
< T1,03. 

A comparison of the gold loading and Au particle size 
data with the support properties (Table 1) leads to the 
following important observations: 


Both the Au loading and Au particle size are increased 
with the decrease in the support surface area. The increase 
in the Au particle size is expected because of the increase 
in the Au loading for the support having smaller and 
smaller surface area for the Au dispersion. However, the 
increase in the Au loading is unusual; it may be attributed 
to other surface properties of the supports. 

Both the gold loading and Au particle size are increased 
with increasing the basicity of support (measured in terms 
of the pH of support—water slurry) and also with 
increasing the standard reduction potential. This reveals 
a close relationship between the gold loading and the 
basicity and/or standard reduction potential of the support. 


(a) Au/In,O; (HDP) 


(b) Au/T1,0; (HDP) 


Q.1 um 


Fig. 2. HRTEM of (a) Au/In.O3 (HDP) and (b) Au/Tl,03 (HDP). 


It is interesting to note that the gold loading in thallium 
oxide is the same as that (8.0 wt.%) expected when there is 
a complete deposition of gold from the solution. 

In the cases of the Al,O3 and Ga2O3 supports, the catalyst 
surface area is decreased after the gold deposition. 
However, for the In.03 and T1,03 supports, the catalyst 
surface area is increased after the gold deposition. The 
changes in the surface area are expected because of the 
rehydroxylation of the supports during the gold deposi- 
tion, followed by calcination of the hydroxylated gold 
containing supports. 


The increase in the gold particle size with decreasing the 
support surface area and/or increasing the metal loading is 
consistent with the trends observed earlier [18]. With 
increasing the basicity of supports, the pH at the support 
solution interface is increased, resulting in more precipita- 
tion of hydroxylated gold species on the support surface 
because of the increased OH ion concentration at the 
interface. Since the isoelectric point (or point of zero charge) 
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Table 1 


Preparation and characterization of the Gr. IIIa metal oxide supports and supported gold catalysts 


Support pH of support— Method of Au loading Surface area Au particle Gold Standard electrode potential (v) 
water slurry* Au deposition (wt.%) Support Catalyst size (nm) dispersion? (%) 
ALO; 5.2 HDP 6.36 209 147.4 4142.3 28 E(AB*/AI°) = —1.66 
Ga,0; 7.2 HDP 6.43 21.8 17.4 6643.7 1.7 E(Ga**/Ga°) = —0.53 
In,0; 8.9 HDP 6.81 3.3 3.5 156+63 07 E(in**/In°) = —0.34, E(In**/In'*) = —0.44 
T1LO; 12.6 HDP 8.00 < 0.5 17 2444131 05 E(TI**/T1°) = +0.72, E(TH*/TI'*) = 41.25 
ALO; 5.2 DP 2.10 209 169.3 nd. = — 
TLO; 12.6 DP 5.42 < 0.5 24 nd. — — 


n.d. = not determined. 
* 0.1 g support in 10 ml distilled water. 


> Gold dispersion calculated using the equation D = 6(¥m + dm) /dya, assuming spherical Au particles. 


for the hydrated Gr. IIa metal oxides is expected to increase 
as the atomic number of the Gr. IIIa metal increases [20], the 
amount of AuCl, anions adsorbed on the positively charged 
metal oxide surface during the gold deposition is also 
expected to follow the following order for the metal oxides: 
Al,O3 < Ga,O3 < In,O3 < T1,03. 

The observed dependence on the standard reduction 
potential of the gold loading may be attributed to the 
oxidation—reduction reactions between the adsorbed 
Au(III) species and the metal oxides at the liquid—solid 
interface. This is consistent with the earlier observation that 
an adsorption of gold chloride on oxidizable mineral oxides 
leads to the reduction of Au(III) to metallic gold (Au°), 
which is deposited on the metal oxide supports [16,21]. 
Indeed, in the thallium oxide-supported gold catalyst, the 
thallium oxide is found to exist mainly as T1203, with traces 
of Tl,0; the easily oxidizable Tl,0 might have been 
oxidised by Au(III) to TI,03, resulting in a larger Au 
deposition on the support. 

The Au/Al,0O3 and Al/In,03 catalysts were also 
characterised for their surface species by XPS. The XPS 
data for the two catalysts are presented in Table 2. In the case 
of Au/Al,O3 catalyst, a single XPS peak corresponding to 
the binding energy of 335.0 eV was observed for Au4ds 
electron (in this case, because of the overlapping problems, 
the XPS for Au4fs; or Au4f7 could not be obtained). The 
single binding energy value indicates the presence of only 
metallic gold (Au°) on the alumina surface. Also, only a 
single XPS peak (BE = 74.1 eV) for Al2p electron is 


Table 2 
XPS data for the Au/Al,03 and Au/In,O3 catalysts 


observed, indicating the presence of aluminium only in one 
oxidation state Or on the surface. However, in case of the 
Au/In,O3 catalyst, two XPS peaks corresponding to the 
binding energies of 86.5 and 88.3 eV (with 1.8 eV shift), 
were observed for Au4fs electron (two XPS peaks were also 
observed for the Au4f; electron). This clearly indicates the 
presence of both the metallic and ionic gold species (viz. 
Au® and Au**) on the In,O3 surface. Very recently, the 
presence of both metallic gold and ionic gold species in a 
Au/CeO, catalyst has also been observed [22]. It is 
interesting to note from the XPS data (Table 3) that there 
is a shift of 1.1 eV for the In3d3 electron (which has two 
binding energies, 452.1 and 453.2 eV) for the Au/In,O3, but 
no shift for the Al2p electron (which has only one binding 
energy, 74.1 eV) for the Au/Al,03. These observations 
reveal that, while the Al,O3 is not reduced because of its 
much lower standard reduction potential (E(AP*/A1°) = 
—1.66 V), the In,O; (E(In**/In°) = —0.34 V) exists in both 
the fully oxidised (In**) and reduced forms (probably In'* or 
In**) forms at the catalyst surface. In the case of the Au/ 
In,O3 catalyst, the binding energy shift for Ols (1.4 eV) is 
also much larger than that for the Au/A1,03 (0.6 eV), which 
also indicates the presence of two different indium oxide 
species on the Au/In,03. The observed lower Ols 
binding energy for the Au/In.O3 catalyst also indicates that 
the catalyst is more basic in nature than the Au/Al,O03 
catalyst. 

Because of the high toxicity of thallium oxide, XPS data 
for the Au/T1,03 was not obtained. XRD analysis of the 


Table 3 
Results of the epoxidation of styrene over the Au/Al,O3 and Au/T1,03 


Catalyst Binding energy (eV)* catalysts prepared by the DP method 
Ols Al2p In3d3 Au4d, Au4f; Au/Al,03 Au/T1,03 
Au/Al1,0O3 531.3 Conversion of styrene (%) 73 60.5 
531.9 74.1 - 335.0 —- Conversion of TBHP (%) 22.0 44.8 
(OG ev shift) Product selectivity (%) 
Au/InjO3 531.5 - 452.1 - 86.5 Styrene oxide <l 56.9 
530.1 453.2 88.3 Benzaldehyde 3.7 7.6 
(1.4 eV shift) (1.1 Ev shift) (1.8 eV shift) Phenyl acetaldehyde <l 22.3 
Other products* >94.0 13.2 


* Binding energies are based on the assumption of C1s binding energy of 
285 eV. 


* Benzoic acid and phenyl acetic acid. 
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Au/T1,03 showed the presence of T1,03 (major), metallic 


gold (Au°) and T1,03 (trace) phases in the catalyst. 


3.2. Epoxidation of styrene 


Results showing the influence of Gr. [Ila metal oxide 
support on the conversion and product selectivity in the 
epoxidation of styrene by anhydrous TBHP over the sup- 
ported gold catalysts prepared by the HDP method are pre- 
sented in Fig. 3. The results over the Au/A1,O3 and Au/T1,03 
catalysts prepared by the DP methods are given in Table 3. 
Also the epoxidation results over the metal oxide supports 
alone (i.e. without gold deposition) are presented in Fig. 4. A 
comparison of the epoxidation performance of the supported 
gold catalysts prepared by the two methods (Table 3 and 


Fig. 3) leads to the following important observations: 


for styrene oxide and phenyl acetaldehyde of the catalysts 


are in the following order: Au/Al,03 < Au/Ga 03 < Au/ 
In.03 < Au/T1,03. The catalyst order for the selectivity of 
benzaldehyde and other products (benzoic acid and phenyl] 


acetic acid) is the opposite one. 

The performance of the Au/Al,03 (HDP) is superior to 
that of the Au/Al,03 (DP); the latter showed not only very 
poor activity but also almost no selectivity for the epoxide. 


The Au/T1,0; (DP) showed values comparable to those of 


the Au/T1,03; (HDP), even though the Au loading in the 
former is lower (5.4 wt.%) (Table 1). 

The trends for the catalytic activity and the epoxide 
selectivity of the gold catalysts prepared by the two 
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Fig. 3. Influence of Gr. [Ia elements present in the Gr. IIIa metal oxide- 
supported Au catalysts on their performance in the epoxidation of styrene. 
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Fig. 4. Performance of Gr. IIIa metal oxide supports (without gold) in the 
epoxidation of styrene. 


methods are quite similar to the trends for their basicity 
and standard reduction potential (Table 1), indicating 
some sort of correlation between the epoxidation per- 
formance (conversion and selectivity) and the properties 
(viz. basicity and/or redox properties) of the supported Au 
catalysts. 

The ratio of moles of TBHP consumed per mole of styrene 
converted is high (>3.0) for the Au/Al,03, Au/Ga2O3 and 
Au/In,0; catalysts; it is nearly the stoichiometric one 
(1.08) for the Au/TIl,03 catalyst (HDP or DP). The 
supported Au catalysts also show the same trend for their 
performance when the epoxidation was carried out for a 
shorter period (2h); the styrene conversion and the 
epoxide selectivity for the Au/Al,03, Au/GazO3, Au/ 
In.03 and Au/T1,03 catalysts prepared by the HDP 
method were 33.5 and 22.0, 35.0 and 24.1, 37.9 and 36.3 
and 52.0 and 49.3%, respectively. 


The observed high TBHP consumption for the Au/ 
Al,03, Au/Ga2O3 and Au/In,O3; catalysts (Fig. 3) is due to 
the formation of benzaldehyde and higher oxidation 
products (viz. benzoic acid and phenyl acetic acid) with 
higher selectivity and also due to the decomposition of 
TBHP [(CH3);COOH — (CH3)3COH + 0.502]. When the 
supports alone (Al,O03, Ga2O3 and In.03) were impreg- 
nated with 0.1 wt.% HCl and calcined at 400°C, the 
chlorinated Al,03, Ga2O3 and In,O3 supports showed 8.1, 
6.2 and 8.9% styrene conversion, respectively, with almost 
no selectivity for styrene oxide; the only product formed 


was benzoic acid. This observation clearly indicates the 
positive role played by the gold deposited on these 


supports for the observed good styrene oxide selectivity, in 
spite of the presence of chloride anions (which are not 


removed during the washing of the catalyst after the gold 
deposition on the supports). 


The observed very poor performance of the Au/A1,03 


(DP) catalyst (Table 3) is mostly attributed to a much lower 
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gold loading on the alumina support (Table 1). It may also be 
due to the presence of traces of Na* cations on the catalyst 
surface, even after careful and thorough washing of the 
catalyst by deionized water, after the gold deposition by the 
DP method [23]. However, even though the Au loading for 
the Au/T1,03 (DP) is lower than that for the Au/T1,03 
(HDP), the performances of both the catalysts are 
comparable. This observation and the earlier observed good 
activity of alumina in the epoxidation of styrene by 
anhydrous HO, [9], prompted us to study the activity of 
supports alone in the epoxidation of styrene by anhydrous 
TBHP (Fig. 4). 

The results in Fig. 4 clearly reveal that the Al,03, Ga.O3 
and In,03 supports show almost no activity in the 
epoxidation. They show even less epoxide selectivity than 
that obtained in the absence of any catalyst (the reaction 
products formed over these supports are mainly the 
secondary oxidation products—benzoic acid and phenyl 
acetic acid). On the contrary, the Tl,03 support itself shows 
both high activity and selectivity in the epoxidation. This is 
the reason why the Au/T1203 catalysts prepared by both the 
DP and HDP methods showed a comparable performance in 
the epoxidation even though the Au loading in the catalyst 
was different. The TBHP conversion over the Al,03, Ga2O3, 
In,O3 and T1,03 supports in the epoxidation was 10.0, 30.4, 
41.8 and 44.7, respectively. In the case of T1,03 support as 
the catalyst also, the TBHP consumed per mole of styrene 
converted is much smaller than that observed for the other 
supports. The high epoxidation activity of the Tl,O3 and 
Aw/T1,03 catalysts seems to be attributed to both its very 
high basicity and reducibility (i.e. high value of standard 
reduction potential, E(TI*/TI*!) = +1.25 V and E(TI°*/TI’) 
= +0.72 V); in the Au/T1,03 catalyst, the Au has only a little 
role to play. The epoxidation over T1,03 may involve a redox 
mechanism. However, further detailed work is necessary to 
understand the reaction mechanism. Nevertheless, thallium 
oxide is highly toxic and hence its use as a catalyst or in the 
catalyst for the epoxidation is very much limited because of 
its high toxicity. 

Among the Au/A1,03, Au/Gaz03 and Au/In.O3 catalysts 
(prepared by HDP method), the Au/In,O; catalyst showed 
the best performance and also excellent reusability in the 
epoxidation (in the third reuse of the catalyst, the conversion 
and styrene oxide selectivity were found to be 51 and 48%, 
respectively). The epoxidation activity of the supported gold 
catalysts is attributed to the gold species, particularly the low 
coordinated Au atoms at the corners and edges of nano-size 
gold particles [24—26] and cationic gold species (Au**) and 
also to the basicity and/or redox properties of the support 
used in the catalysts. Earlier studies also showed a marked 
increase in the epoxide selectivity because of the presence of 
a base in the epoxidation of styrene by HO, over TS-1 and 
Al,03 [9,27]. 

The styrene oxide selectivity in the epoxidation of styrene 
by H2O2 over TS-1 and Ti/SiO, was found to be 2-6% [4,27] 
and 14-19% [3], respectively. The epoxidation selectivity of 


the supported gold catalysts (22-56%) is relatively very 
good. 


4. Conclusions 


From the present studies on the epoxidation of styrene by 
anhydrous TBHP over Au/A1,03, Au/Ga2O3, Au/In,O3 and 
Aw/T1,03, prepared by the HDP and DP methods, the 
following important conclusions have been drawn: 


1. The HDP method provides the supported gold catalysts 
with much higher gold loading and also the catalysts 
prepared by this method show better performance in the 
epoxidation. 

2. The gold loading, gold particle size and epoxidation 
performance of the supported gold catalysts are strongly 
influenced by the basicity and/or reduction properties of 
the support used in the catalyst. The order of catalysts for 
their gold loading, for Au particle size and for catalytic 
activity and/or epoxide selectivity in the epoxidation is 
as follows: Au/Al,O3 < Au/Gaz03 < Au/In,03 < Au/ 
Tl,0O3; the higher is the basicity and/or reduction 
potential, the higher are the Au loading, the particle 
size, and the epoxidation activity/selectivity of the 
catalyst. The Au/T1,03 catalyst is also a best choice 
for the epoxidation even from the point of view of the 
TBHP consumption. 

3. The Al,03, Ga2O3 and In,O3 supports alone show almost 
no activity in the epoxidation. However, the T1,03 
support shows the epoxidation activity and selectivity 
comparable to that of the Au/T1.03 catalyst. 

4. Incase of the Au/T1,03 catalyst, its epoxidation activity/ 
selectivity is attributed mostly to the high basic nature 
and/or redox properties of the T1,03 support. However, 
for the Au/A,03, Au/Ga,O3 and Au/In2O; catalysts, their 
epoxidation activity/selectivity is attributed to the gold 
species (neutral and/or ionic Au species) on the support 
and also to the acid—base properties of the support. 
Generally, the catalyst containing more basic support 
shows better performance in the epoxidation. 

5. Both the neutral and ionic Au species (Au? and Au**) 
and also the indium in two different oxidation states are 
found to be present on the surface of Au/In,O3 catalyst. 
However, only the neutral Au species (Au°) and 
aluminium in only a single oxidation state (Al**) are 
observed on the surface of Au/A1,O3. 
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